Chapter 1. The Aalenian-Bajocian (Middle Jurassic) of the Digne area
Davide OLIVERO with the contribution of Emanuela MATTIOLI
Geographical and geological context
The Digne area is located in southeastern France ( Fig. 1.1 ), in the department of "Alpes de Haute-Provence". French authors classically name this region the "Dauphinois Basin", for the major portion of the Jurassic period, and the "Vocontian Trough" (or Basin) for the Late Jurassic -Late Cretaceous interval. For the Jurassic succession discussed here the name "French Subalpine Basin" is preferred. In Jurassic and Cretaceous times the French Subalpine Basin was a gulf located along the northwestern margin of the Tethys ( Fig. 1.2) . The gulf was bounded to the West by the Paleozoic "Massif Central" and to the East by the Alpine chain. To the South, was a land mass represented now by the Corsica-Sardinia and Maures-Esterel massifs.
Some authors (LEMOINE, 1984 (LEMOINE, , 1985 consider the French Subalpine Basin as an analog of the present European margin of the Atlantic Ocean, for it was formed by a series of tilted blocks that deepened eastward toward the open Tethyan Ocean. FERRY (1990) suggests that the evolution of the area was in relation with an aborted rift basin. In this view, the French Subalpine Basin may be considered as a sort of pull-apart basin. In Middle Jurassic times, the French Subalpine Basin was a transitional area between the epicontinental sea of the Paris Basin and the deeper water Piedmont domain, where an oceanic ridge was active until the Early Cretaceous. The basin probably attained its maximum depth (~500 -800 m) in the Early Cretaceous (HauterivianBarremian; FERRY, personal communication).
Geological history
The French Subalpine Basin began its development during the Middle to Late Triassic, with the formation of a Germanic-type salt basin along the fractured Alpine margin of the Tethys in which evaporites predominate (FERRY, 1990) . During Jurassic times the shallow sea deepened after a general marine transgression (HALLAM, 2001 ). In the Early Jurassic, a threshold (the Verdon sill) separated a shelf area (the Provence Platform) to the north from a deeper facies (dolomitic limestones) to the south. On this threshold is a sedimentary succession consisting of mixed carbonate-silicoclastic sediments that is reduced in thickness northward, with many hiatuses (JAUTÉE, 1984) . Basinal facies, represented by marl-limestone alternations, are recorded in the southernmost areas but in the sector south of the Verdon River a shallow-water platform developed, documented by the occurrence of bioclastic limestones with corals. This development is evidence of a progressive extension to the Provence platform southward.
In the Middle Jurassic, the central part of the basin (Laragne area, North of Sisteron; Fig.  1 .2) was subject to strong subsidence, as evinced by dark-colored marls formed under dysoxic conditions ("Terres Noires" Formation). Conversely, along the southernmost edge of the basin, shallower facies and a dominantly carbonate sedimentation are documented (ELMI, 1984) . A marked regression occurred during the Late Jurassic (ATROPS, 1984) , when calcareous sediments indicative of a shelf environment were deposited over the entire basin (Tithonian cliffs).
From Berriasian through Aptian times, in a general regime of extensional tectonics, the depth of the basin increased progressively. Limestone-marl alternations were deposited on the Tithonian older strata (ATROPS, 1984) . A maximum depth was probably attained during the Aptian-Albian interval. At the end of the Albian, the basin began to be infilled; general emergence took place during the Santonian. This uplift is contemporaneous with the first phase of Alpine tectonics: the "Pyrénéo-Provençale" phase. This phase involved the formation of structures with a general W-to-E trend.
The Aalenian -Bajocian
The Aalenian-Bajocian interval in the Digne area is represented by a thick series of marllimestone alternations. Limestones are both packstones (with recrystallised Bositra, rare benthic foraminifers and siliceous sponge spicules) and wackestones with radiolarians, rare Bositra, lagenid foraminifers and sponge spicules (PAVIA, 1983) . Marls are locally very shaly and finely laminated. This stratigraphic succession is the equivalent of the "Calcaires à Cancellophycus" Formation, which in the Digne area is dated Middle Aalenian -end of Bajocian or basal Bathonian. These limestones are overlain by the dark-grey to black marls of the "Terres Noires" Formation. The thickness of the "Terres Noires" Fm. ranges widely in the French Subalpine Basin: it may reach 700 metres in the section near Les Dourbes (Figs. 1.1b and c) . The age of the Terres Noires Formation is Late Bathonian to Middle Oxfordian, with a hiatus at its base. Cephalopods (ammonoids, belemnoids and nautiloids) are locally abundant both in the "Calcaires à Cancellophycus" and in the "Terres Noires" formations, their presence thus allowing detailed biostratigraphical studies (STURANI, 1967; PAVIA, 1973 PAVIA, , 1983 . Ichnofossils are also common, represented mainly by Chondrites and Zoophycos (Cancellophycus of French authors). Locally Zoophycos can be very abundant (OLIVERO, 2003) . These marl and limestone alternations were deposited on the continental slope, at depths ranging between 300 and 500 metres (OLIVERO, 2003) .
Day 1 -Stop 4. Les Dourbes section
In the Digne area, an uninterrupted and beautifully exposed section covering the entire Middle Jurassic exists in the "Ravine du Feston", near Les Dourbes, 5 km east-southeast of Digne ( Fig. 1.1b) . The section is exposed on the norteast side of the valley (Fig. 1.1c) . Here, the Bajocian succession is 250 metres thick (Figs. 1.3 and 1.4). Several biostratigraphical studies have been carried out (PAVIA, 1973 (PAVIA, , 1983 PAVIA & STURANI, 1968) , and a sequence stratigraphy has been developed (FERRY, 1990 (FERRY, , 1991 FERRY & MANGOLD, 1995) . The base of the section studied by PAVIA (1973) is at the floor of the valley, and can be followed up to the ridge from an elevation of 874 metres to the Serre d'Enchas, a few tens of metres south of the village of Condamine (Fig. 1.1c) . 1995) . Biostratigraphical limits are sited in accordance with PAVIA (1973, 1983) . The lower part of the section is made up of an alternation of limestones and shaly marls dated as the Humphresianum ammonite Zone. After a clear break in the topographic profile ( Fig. 1.3) , the marl-limestone alternations become richer in clays, especially in the upper part of the section. This interval corresponds to the Niortense (42 m) and Garantiana ammonite zones, and to the Tetragona Subzone (43 m), where a slump of 8 metres is clearly visible (Fig. 1.4) . The upper part of the section (Parkinsoni ammonite Zone) is characterized by thin calcareous beds in alternation with thick marls. In time terms this interval corresponds roughly to the base of the "Terres Noires" Formation. A hiatus followed by a flooding surface (Ferry, 1990) 
Nannofossil biostratigraphy
Three sections of the Digne area were studied by ERBA (1990): the Beaumont section (close to the Les Dourbes section), Chaudon (near Barrême), and La Blache (near Castellane, some 10 km south of Barrême; Fig. 1.1b) . The several bio-horizons, precisely correlated by ERBA (1990) with the ammonite zones, are shown in Figure 1 .4. The most striking pattern of events in Figure 1 .4 is the great number of first occurrences (FO) (2006) differrentiated six morphotypes of W. britannica that differ in size significantly. Using biometrics, the authors interpret these morphotypes to be the result of intra-specific variability, in particular in the size of the coccoliths. However, differences also exist in the structure of the bridge in the central area of the coccoliths of the several morphotypes. Unfortunately, this structure is too small to be analysed biometrically. A few of the samples from the Les Dourbes section have been studied, in order to check the occurrence of the six morphotypes described by GIRAUD et alii (2006) . In the forms of Early Bajocian age, five of the six morphotypes described by GIRAUD et alii (2006) were recognized: morphotypes A, B, D, E and F ( Fig. 1.5 ). The morphotypes A and B are recorded from the base of the Bajocian. Morphotypes D, E and F are in samples of Late Bajocian age. They appear after the last occurrence (LO) of Carinolithus superbus. In the light of recent study on cryptic or pseudo-cryptic species (GEISEN et alii, 2002) , it cannot be completely excluded that the morphotypes shown by GIRAUD et alii represent discrete biological species.
The increase in speciation between the Late Aalenian and the Early Bajocian represents the second major pulse of diversification in Jurassic coccolithophores, following the first speciation at the Pliensbachian/Toarcian boundary. Furthermore, the Aalenian/Bajocian diversification is coincident with the emergence of the genus Watznaueria that soon becomes dominant in the assemblages of coccoliths during the remainder of the Jurassic and the entire Cretaceous. This major event in coccolith history is probably a result of an important change in paleoceanographic conditions in Mid Jurassic times. The pattern of oceanic circulation was altered and the surface occupied by epicontinental seas was reduced at that time, probably in relation to the establishment of effective connections between the western Tethys and the central Atlantic. It is however difficult to differentiate any one cause that triggered coccolithophore evolution. A combination of various environmental modifications (such as changes in pCO 2 , nutrient availability, ocean chemistry, climate, and sea level fluctuations) may together have been responsible for evolutionary innovations (ERBA, 2006 Stéphane REBOULET
Introduction
The La Charce section is located in the French department of Drôme ( Fig. 1.1a) . The biostratigraphy of the section has been wellstudied. In the last four decades a considerable number of works on palaeontology and biostratigraphy have been published: on ammonoids (THIEULOY, 1977a; REBOULET et alii, 1992; BULOT et alii, 1993 BULOT et alii, , 1996 Here, we present the lithological evolution of the La Charce section, along with a synthesis of the biostratigraphic work on ammonoids.
Day 1 -Stop 1. Lithology of the La Charce section
A detailed lithology of the ValanginianHauterivian portion of the La Charce section is presented in REBOULET (1996) and REBOULET & ATROPS (1999) . So here we discuss only the stratigraphy of the sequence encompassing the boundary between the stages ( Fig. 2.1 ). There the lithology is characterized by marl-limestone alternations.
The section is intensively bioturbated, with both limestones and marls affected (GAILLARD, 1984) . Zoophycos feeding burrows are common in the limestones (OLI-VERO, 1996). Carbonate-rich marl-limestone alternations predominate the lowest Valanginian beds (Pertransiens ammonite Zone), then gradually become richer in argillaceous content in the uppermost part of the Lower Valanginian (Campylotoxus ammonite Zone). The Verrucosum ammonite Zone of the Upper Valanginian ( Fig. 2.2a ) is also the site of an increase in argillaceous content. The relative abundance of carbonate in the marl-limestone succession increases gradually upward toward the Valanginian/Hauterivian boundary. The marls and limestones of Early Hauterivian age show a marked contrast: white limestones quite regularly alternate with dark marls (Fig. 2.2b ). Their thicknesses are comparable.
The alternation of marl and limestone has been interpreted as the result of cycles in the production of calcareous nannoplankton caused by climatic fluctuations in the MILANKOVITCH frequency band (COTILLON et alii, 1980; GIRAUD, 1995) . Alternatively, REBOULET et alii (2003) have proposed for the Vocontian Basin a model of cyclic export of carbonate mud from shallow platform environments towards the basin. Occasionally, synsedimentary slumping and turbidites (rust-coloured calcarenites) occurred in the basin. These calcarenites are particularly well-exposed in portions of the Campylotoxus and Verrucosum zones of the La Charce section (REBOULET, 1996, and references therein).
Recent research (FESNEAU C., DECONINCK J.-F., PELLENARD P., GARCIA J.-P. & REBOULET S., in progress) on some outcrops in the Vocontian Basin (La Charce and Vergol sections in the Drôme, Montclus in the Hautes-Alpes) has revealed the occurrence of centimetre-thick goethite-rich horizons. These horizons (reddish in colour), already mentioned by BEAUDOIN et alii (2003) , resemble Oxfordian and Aptian bentonites described in other sections of the Vocontian Basin (DAUPHIN, 2002; PELLENARD & DECONINCK, 2003) .
Biostratigraphy of ammonoids
The La Charce section is well dated because of the important number of ammonoids, which comprise almost all of the macrofauna (REBOULET et alii, 1992; ATROPS & REBOULET, 1995; REBOULET, 1996; REBOULET & ATROPS, 1999, and references therein). But other nektonic macrofossils are present: belemnites are common and there are a few nautiloids. Bivalves and gastropods are rare.
More than 15,000 ammonoids were collected in a hundred metre section (REBOULET, 1996) . The assemblage consists of six families. Most turnovers took place during the evolution of the Neocomitidae and Olcostephanidae. The ammonoid spectra are often dominated by: Haploceratidae, Bochianitidae, Phylloceratidae, and Lytoceratidae; their abundance indicates a deep-water palaeoenvironment (REBOULET, 1996) .
An ammonoid turnover occurred at the boundary of the Valanginian and Hauterivian, and has been interpreted as the response of nektonic organisms to eustatic and climatic changes (REBOULET et alii, 1992; REBOULET & ATROPS, 1995; REBOULET, 1996) . The biozonation reflects the evolution of the ammonoid fauna (REBOULET & ATROPS, 1999). The zonal scheme of these authors has been adopted by the Lower Cretaceous Ammonite Working Group (= KILIAN Group) of the IUGS Subcommission on Cretaceous Stratigraphy and is included in (1993, 1996) , BULOT (1995) , REBOULET (1996) , REBOULET & ATROPS (1997, 1999) . This figure is the fruit of a collaboration with Luc BULOT. 
The Hauterivian stage and the Global Boundary Stratotype Sections and Points
RENEVIER (1874) defined the Hauterivian stage in the Hauterive area (Neuchâtel, Northwest Switzerland). For a long time this locality has been considered to be unsatisfactory as the stratotype due to the condensation of some parts of the section, its poor exposure and the scarcity of ammonoids. For most of the 20 th century and thereafter KILIAN and other French authors have investigated the expanded sections of the Vocontian Basin, where rich ammonoid faunas are recorded in the marl-limestone alternations of the hemi-pelagic successions.
As regards the Valanginian/Hauterivian boundary, the La Charce section is the best documented. It was proposed by THIEULOY (1977a, p. 125) as a candidate for the boundary stratotype. The IUGS retained this proposal during the Copenhagen meeting in 1983 (BIRKELUND et alii, 1984) . Because no other supplementary section has been proposed in Spain, the Caucasus or in the Crimea (all are areas in which the Valanginian-Hauterivian is well-documented), during the Brussels meeting in 1995 (MUTTERLOSE et alii, 1996) , the Hauterivian Working Group agreed to recommend the La Charce section as the global boundary stratotype for the base of the Hauterivian. The IUGS-ICS Subcommission on Cretaceous Stratigraphy recommended the La Charce section for the Hauterivian GSSP during the 32 nd International Geological Congress at Florence in 2004 (RAWSON, 2004; OGG et alii, 2004) . The members of the Hauterivian Working Group are currently preparing a formal proposal in accordance with this recommendation. The village of La Charce has agreed to preserve the section outcropping along the road.
The Acanthodiscus radiatus Zone (Radiatus Zone) and the Golden Spike of the Hauterivian
The base of the Hauterivian in the Tethyan realm was traditionally defined by the first appearance of the index-species Acanthodiscus radiatus (THIEULOY, 1977a) . This choice was recommended during the 1 st and 2 nd international symposia on the Cretaceous Stage Boun-
daries (Copenhagen, 1983 and Brussels, 1995; BIRKELUND et alii, 1984; MUTTERLOSE et alii, 1996) . Due to the scarcity of the index-species in deep-water distal environments it was also suggested that the base of the Radiatus Zone be made concomitant with the first appearance of the genus Acanthodiscus (A. radiatus and related species B. varappensis; REBOULET, 1996) . Therefore, when Acanthodiscus is very rare or absent in deep-water palaeoenvironments, the recognition of the Radiatus Zone is possible using the species of Breistrofferella that are also generally abundant on platforms. In addition, the faunal assemblage of the Radiatus Zone is well characterized by other genera, like Teschenites, Eleniceras, Olcostephanus, Spitidiscus and Oosterella ( Fig. 2.1 ; REBOULET, 1996).
In accordance with these recommendations and considerations the Golden Spike of the Hauterivian stage (= the base of the Radiatus Zone) is placed at layer 189 of the La Charce type-section (Fig. 2.1) , which is the first occurrence of Acanthodiscus rebouli (REBOULET, 1996) . Bed 189 corresponds to bed 250 in the system of numbering proposed by BULOT et alii (1993) . Conventionally, the base of the Amblygonium Zone of the Boreal Realm is correlated with the base of the Radiatus Zone (THIEULOY, 1973; RAWSON, 1983 RAWSON, , 1993 MUTTERLOSE et alii, 1996; JACQUIN et alii, 1998; OGG et alii, 2004 In the Boreal realm, Acanthodiscus occurs mainly in the shallow-water facies of NW Germany, the Polish seaway and Crimea (KEMPER et alii, 1981) . In North Germany, Acanthodiscus, which is generally rare in the Endemoceras beds (KEMPER, 1973; RAWSON, 1973) , seems to be restricted to the Noricum Zone (THIEULOY, 1977b; QUENSEL, 1988) in deep-water environments, but it is recorded in the upper part of the Amblygonium Zone in shallow-water settings (KEMPER et alii, 1981; MUTTERLOSE et alii, 1996) . The presence versus absence of Acanthodiscus in the upper part of the Amblygonium Zone in the Boreal Realm may be controlled in large part by palaeoenvironmental factors (bathymetry and/or a proximal versus a distal location). The same pattern was observed in southeastern France (MCARTHUR et alii, 2007, and (1977) suggested using the FO (first occurrence) of Cretarhabdus loriei as a marker for the Early Hauterivian, though this particular occurrence proved to be much younger (Aptian). PERCH- NIELSEN (1979 NIELSEN ( , 1985 acknowledged the difficulty of using Cretarhabdus loriei due to problems in recognizing or differentiating this species from other species of Cretarhabdus. ROTH (1978, 1983) 
Nannofossil biostratigraphy of the La Charce section
Splits from the marly intervals were processed using standard preparation techniques and were examined under a light microscope. All these samples were productive, with abundant calcareous nannofossil assemblages (Fig. 3.1) ; the number of species is usually high (about 80 species), preservation is moderate. Identification of specimens with the light microscope was not hampered by diagenetic etching and/or overgrowths of calcite that can affect nannofloral assemblages (Fig. 3.2) .
Analysis of the complete and expanded Valanginian-Hauterivian sequence at La Charce has allowed a sequence of local events to be evaluated in relation to the established European sequence. Nannoconus bucheri and Nannoconus wassalli occur sporadically starting at the Callidiscus ammonoid Zone; their occurrence is always rare and spotty. These taxa are more abundant and from the Loryi ammonoid Zone upward are continuously recorded. Tubodiscus verenae and Tubodiscus jurapelagicus occur sporadically up to the end of the Late Hauterivian (Ligatus ammonoid Zone). Staurolithithes mitcheneri was first seen in bed 251 of BULOT et alii (1993; Radiatus ammonoid Zone, Castellanensis Horizon). The LO of Eiffellithus windii is in bed 270, and the FO of Diloma galiciense in bed 272 (Radiatus ammonoid Zone, Buxtorfi Horizon; Fig. 2.1 ). These two species are rare but their stratigraphical ranges are reasonably consistent.
The first Litraphidites bollii was observed in bed 292 (Loryi /Jeannoti ammonoid Zone) but its occurrence is common only upward from bed 296 in the Nodosoplicatum/Variegatus ammonoid Zone (Fig. 3.1) . The last occurrence of Rhagodiscus dekaeneli is at the top of this zone ("non-nome" subzone). All these events are summarized in Figure 3 .1. The value as markers in other geographical areas must be carefully evaluated. No important originations or extinctions are coincident with the boundary (Callidiscus / Radiatus ammonoid Zones). At La Charce, the nannofossil event that best approximates the Valanginian/Hauterivian boundary is the LO of Eiffellithus windii.
Calcareous nannofloras at La Charce have a predominantly low-latitude (Tethyan) affinity (common Cruciellipsis cuvillieri, Speetonia colligata and Calcicalathina oblongata) though Nannoconids, which are known to prefer lowlatitude, warm surface waters, and hemipelagic settings (THIERSTEIN, 1976; MUTTERLOSE, 1992; ERBA, 1994; KRUSE & MUTTERLOSE, 2000) are very rare. Taxa more commonly associated with higher latitudes such as Sollasites spp., Crucibiscutum salebrosum, Corollithion silvaradion, are consistently present at La Charce although in much lower quantities than in boreal sites. This is due to the northern Tethyan location of the Vocontian Basin, which acted as a "gateway" to boreal domain of northwestern Europe. The Aptian-Albian interval of the Vocontian Basin is represented by the Marnes Bleues Formation. It is about 800 metres of rather homogeneous dark-blue marls and shales with a grayish cast. In southeastern France the OAE 1d level is called the BREISTROFFER interval (BRÉHÉRET, 1988) . Nine laminated horizons containing 1 to 2% wt%TOC (Total Organic Carbon) have been identified in the central part of the Vocontian Basin, NW of Sisteron (BRÉHÉRET, 1988;  Fig. 1.2) . (BRÉHÉRET, 1995 (BRÉHÉRET, -1997 .
Palaeoenvironmental conditions across the BREISTROFFER interval
Calcareous nannofossils are well preserved and are predominantly heterococcoliths, but holococcoliths are also present. The range in the number of species fluctuates from 32 to 50 per sample. As pelagic carbonate production is limited, the carbonate fraction is derived mainly from the tests of nektonic/benthic organisms, but in part may be allochthonous (export to the basin from adjacent carbonate-platforms). There is little organic carbon in the BREI-STROFFER interval, and it is not associated with high productivity in surface waters. Organic matter is mainly terrigenous in origin and its presence is due to: 1) dysoxic conditions that preserved it and 2) a weak input of allochthonous carbonates. Eustatic fluctuations strongly influenced the changes in nannofossil and macrofaunal abundances. In the BREI-STROFFER interval there are also distinctive patterns in nannofossil assemblages and macrofaunal abundance (Figs. 4.2 and 4.3) that reflect changes in trophic levels. Low diversity in nannoplankton assemblages and very abundant macrofaunas suggest that mesotrophic conditions prevailed in the lower part of the interval (Fig. 4.3a) . In the upper part there is a greater diversity in nannofossil assemblages, more abundant ammonoids and a lesser amount of benthic macrofauna (Fig. 4.3b) . This divergence might be the result of climatic changes associated with periods of increased precipitation and runoff during the deposition to the lower part of the BREISTROFFER interval, and to a period of drier conditions in the upper part of this interval. The work of GIRAUD et alii (2003) and REBOULET et alii (2005) shows that the BREISTROFFER deposits did not indicate an eutrophication of marine surface waters that occurs with the expansion of an oxygenminimum zone. This work quantified the absolute abundance of calcareous nannofossils (Fig. 4.4) , using the settling method of GEISEN et alii (1999) . Nannofossils are well-tomoderately preserved at Col de Palluel. Like the work of GIRAUD et alii (2003) , this study suggests that the accumulation of organic matter was controlled by preservation rather than by an increase in its productivity in the photic zone. Paleoclimatic and oceanographic changes caused by moonsoonal activity were identified. In the BREISTROF-FER interval, the black shales were laid down by surface waters in a warm and humid climate under oligotrophic conditions while marlstones were deposited under relatively cool and arid conditions that favored increased productivity of carbonates. (GALE et alii, 1996, Fig. 5 .1). Ammonites, planktonic foraminifera, and calcareous nannofossils are abundant throughout the succession and allow accurate biostratigraphy (Fig. 5.1) . The base of the Cenomanian stage lies 36 m below the top of the Marnes Bleues Formation and is chosen at the first occurrence of the planktonic foraminifer Rotalipora globotruncanoides. Preservation of calcareous nannofossils is moderate throughout the sequence and the nannofloral assemblages are highly diverse (153 taxa). Biscutum ellipticum, Rhagodiscus achlyostaurion, Tranolithus orionatus, Watznaueria barnesiae and Watznaueria manivitiae are common to abundant. Holococcoliths are unusually common and sometimes well-preserved in particular levels (LEES in GALE et alii, 1996) .
The carbon-isotope curve has a large peak made up of four distinct spikes (A to D, Fig. 5.1) . Temperatures of sea-surface water deduced from the oxygen isotope data are comprised between 26 and 27°C. A slight cooling of about 1°C distinguishes the earliest Cenomanian (GALE et alii, 1996, Fig. 5 .1).
Chapter 6. The Cenozoic of the Barrême syncline
Bernard PITTET Today we will analyse the sedimentary evolution of the Cenozoic in the Barrême region. This area is in the second of the foreland basins formed to the west of the Alps during the collision Adria-Europe. The first foreland basin formed during Late Cretaceous times in conjunction with the Pyrénées-Provençal tectonic phase (e.g., deposition of the "Flysh à Helminthoïdes", Campanian-Maastrichtian). The second foreland basin developed in Late Eocene-Early Oligocene (Nummulitic Sea) during the second Alpine tectonic phase, and the third was present during the Miocene in connection with the late Alpine tectonic phase.
A brief summary of the functioning of foreland basins
Foreland basins are intrinsically related to continent-to-continent collision and the formation of Alpine-type mountain chains. They are narrow, elongated basinal troughs located at the periphery of a mountain chain during its formation. They receive the products of the erosion of the rising chain, and are thus filled mainly by siliciclastic material. They record the major tectonic events that occur during a continent-to-continent collision.
Basically, mountain chains forming during such a collision can be regarded as a large accretion prism of continental crust. During intensive tectonic activity in the chain, accretion is responsible for a thickening of the crust (e.g., ~50 km for the Alps, ~70 km for the Himalaya) of the lithosphere. In isostatic response to this thickening, the mountain chain subsides (Fig. 6.1a) . Consequently, along the periphery of the mountain chain subsidence is also important, and creates on both sides of the chain a foreland basin in which continental or marine sediments are deposited and preserved. In response to the overcharge of the mountain chain, the continental crust (and lithosphere) forms a bulge some few hundred kms away from the chain (Fig.  6.1a) . This rise accounts for the fact that foreland basins are asymmetrical and narrow.
Because it can be seen as an accretional prism of continental crust, the mountain chain in formation will not only thicken but also enlarge laterally, thus causing the foreland basin to migrate away from the zone of accretion at the outer limit of the mountain chain (Fig.  6.1b) .
Consequently, the oldest sediments deposited in a foreland basin are the closest to the chain and can, as the basin migrates, become involved in the accretion prism. The youngest sediments are deposited far from the chain, and generally are not deformed. The Barrême region was very close to the developing Alpine chain. Consequently, this area records both foreland dynamics (the accommodation space created by subsidence due to thickening of the Alps during intense tectonic pulses) and Alpine dynamics (folding of the sediments deposited in the foreland basin whenever accommodation space was available). These two mechanisms (subsidence and folding) underpin the Cenozoic geological history of the Barrême region.
Summary of the sedimentary evolution in the Barrême syncline
The Barrême syncline, oriented N-S, exposes the Upper Eocene-Oligocene sediments deposited in the inner part of the NummuliticMolasse foreland basin, directly on previously folded and eroded Mesozoic "deep-water" sediments (Figs. 1.1 and 1.2) . Consequently, the marine transgression of the Nummulitic Sea in the Late Eocene invaded complex paleoreliefs of different ages (Early to Late Cretaceous). The first sediments attributed to the Cenozoic are continental alluvial deposits that develop from south to north (Argens Conglomerates; Fig.  6 .2) and are present only locally, thus suggesting that river drainage was already controlled by pre-existing N-S folds. On these alluvial facies (when present), or directly on folded Mesozoic rocks is the Nummulitic Limestone ( Fig. 6.2) , which consists of shallowmarine bioclastic sediments (nummulites, bivalves -mainly oysters) but can locally contain fluvial conglomerates deposited in the shallow Nummulitic Sea. As transgression continued deeper-water marls accumulated in the Nummulitic Sea, forming two sub-units, the Lower and the Upper Nummulitic Marls, separated by the Ville Sandstones that are turbiditic lobe deposits. Sedimentary structures (flute casts, prod casts, current ripples) in the turbidites of the Ville Sandstones indicate a south to north direction for the turbidity currents, thus implying a southern source of the siliciclastic material (Corsica-Sardinia block). The Nummulitic deposits, both limestone and marls, were folded in some localities before the deposition of the Clumanc Conglomerates (Fig.  6.2) . These conglomerates contain Alpinederived gravels. They demonstrate that the centre of the Alps (oceanic crust and deepocean sediments, i.e. serpentinites and radiolarites) was already exposed some 32 Ma ago. Here at Clumanc the conglomerates are remarkable because they are formed by successive flows of phreato-magmatic debris that followed the river system to be deposited at the mouth of a delta on the shore of the Nummulitic Sea. The genesis of phreatomagmatic flows is demonstrated by their andesitic matrix and the presence of andesite gravels. A rapid forceful discharge of material is evinced by the presence of thick (30-80 cm) layers containing mud boulders that testify to a mass-flow origin for these deposits.
In the Clumanc area, the Nummulic Sea includes a succession of 3 phreato-magmatic episodes that alternate with "normal" nummulitic marls to fill this part of the basin. The Barrême syncline (still in formation) then served as a river valley. This river formed a new delta in St-Lions, some 7 km south of Clumanc. The progradation of the delta from Clumanc to St-Lions attests that the river flowed from north to south at that time.
The Red Molasse that overlies the Clumanc and St-Lions conglomerates is slightly discordant, suggesting that tectonic movements occurred after deposition of the Clumanc/StLyons conglomerates ended, and before (or at the beginning of) the deposition of the Red Molasse. Alluvial fan deposits comprise this new sedimentary unit. In the Barrême syncline, the Red Molasse is dominantly argillaceous (alluvial plain red-clays) interrupted by small channels, which are infilled by conglomerates. The conglomerates are for the most part of local origin (Mesozoic carbonates from the flanks of the Barrême syncline). Southwards, in the Senez region (some 6 km farther from Barrême; Fig. 1.2) , the Red Molasse is dominantly conglomeratic, and clays are much rarer. This implies that the alluvial fan developed from south to north.
Above the Red Molasse and concordant with it is the Grey Molasse. Its deposits are mainly argillaceous (whitish to light-greenish alluvial plain sediments), with a few sandstone levels and common palustrine-lacustrine limestones. The evolution from the Red to the Grey Molasse is thought to reflect a flattening of the relief in the back-land due to increased subsidence. The change in colour from one formation to the other probably has a climatic origin.
Outcrops visited Day 2 -Stop 1. Les Sauzeries Basses section
This section, along the road from Les Sauzeries Basses to La Poste (1 km to the south-east; Fig. 6.3) , exposes a continuous sedimentary succession, approximately 150-200 m thick that occupies the interval between the Nummulitic Limestone and the Clumanc Conglomerates. The Nummulitic Limestone in this area was deposited in unconformity on the Blue Marls (Fig. 6.4a) , which are earliest Albian in age to the north and latest Late Aptian to the south.
Two plurimetric limestone beds separated by nummulitic marls represent the Nummulitic Limestone here. The limestones are fine-grained bioclasts, with abundant oyster fragments and locally with nummulites. The Lower Nummulitic Marls deposited above the limestones have a thickness of 80m to about 100m. The Ville Sandstones are a succession of fine-grained turbiditic lobes. The turbidites typically have plane-parallel laminations with few occurrences of current ripples. An erosional contact at the base of the turbidites is common. Looking south from the road, three units of the Clumanc Conglomerates can be seen, as intercalations into the Upper Nummulitic Marls. To the southeast, below the Clumanc castle (Stop 2), these 3 units are amalgamated. A geometry of the deltaic system of the Clumanc Conglomerates can be reconstructed by geological mapping. 
Day 2 -Stop 2. Clumanc castle
A perpective of the hill on which the Clumanc castle was constructed will be examined at this stop (Fig. 6.4b) . The three amalgamated units of the Clumanc Conglomerates constitute the hilltop. They rest unconformably on the previously folded synclinal Nummulic Limestone and Marls. Finally, both the Nummulitic Limestone and Marls and the Clumanc Conglomerates were again folded to form an anticline. This sequence of events is a good illustration of the tectonic activity in the Alps as it was recorded in the Barrême syncline, for the sequence described is repeated generally: 1) subsidence creates a depressed space to accommodate marine or continental sediments; 2) these sediments are folded; 3) a new phase of accommodation is created by subsidence, and more sediments are deposited; 4) folding, etc. … Note that both folding and the creation of accommodation can occur at the same time.
Day 2 -Stop 3. The Red Molasse along the road D19 at mid-distance from St-Lions and St-Jacques A short stop here is devoted to the alluvial fan facies of the Red Molasse. An outcrop along road D19 epitomizes the typical characteristics of alluvial fans: 1) ephemeral conglomeratic channels filled by local material; 2) sheet flood deposits that coarsen upward, thickeningupward silt-to-sand sediments; and 3) flooding clays deposited at considerable distances from the channels during the partial or entire flooding of the fan. In this outcrop the predominance of clays indicates that this area was in a distal position on the alluvial fan. ratoires de Géologie de Lyon, n° 134, 279 p.
